Clownfishes (or anemonefishes) form an iconic group of coral reef fishes, principally known for their mutualistic interaction with sea anemones. They are characterized by particular life history traits, such as a complex social structure and mating system involving sequential hermaphroditism, coupled with an exceptionally long lifespan.
and the mechanisms granting them protection from sea anemones toxins (reviewed in Mebs, 2009 ). However, we do not have yet a full answer for these questions. In particular, the genomic bases of these mechanisms remain poorly understood.
Clownfishes are characterized also by particular life history traits and strategies compared to other damselfishes and most other coral reef fishes. Indeed, they display an outstanding lifespan, with around 30 years estimated for A. percula. This lifespan is twice as long as any other damselfishes and six times greater than the expected longevity for a fish of their size (Buston & Garc ıa, 2007) . Moreover, clownfishes live in complex social structures within the sea anemones and are protandrous hermaphrodites. Studies have been conducted to understand the maintenance of this social structure (e.g., Buston, 2003 Buston, , 2004 Hattori, 2000; Mitchell, 2003) and the mechanisms involved in sex change (e.g., Casas et al., 2016; Kim, Jin, Lee, Kil, & Choi, 2010; Kim, Lee, Habibi, & Choi, 2013; Kim, Shin, Habibi, Lee, & Choi, 2012; Miura, Kobayashi, Bhandari, & Nakamura, 2013) . Litsios et al. (2012) proposed that the obligate mutualistic interaction of clownfishes with sea anemones acted as the main key innovation that triggered the adaptive radiation of the group. It was further shown that geographic isolation associated with a rather small dispersal capacity and hybridization played a role in driving the burst of diversification and the adaptive process of this group (Litsios, Pearman, Lanterbecq, Tolou, & Salamin, 2014; . Thus, the clownfishes potentially represent a new and interesting model system for the study of adaptive radiations and could be employed to validate the theoretical findings on the dynamics of this process (Gavrilets & Losos, 2009; Gavrilets & Vose, 2005) .
Despite the many and different aspects of clownfishes that are being studied in different fields, the knowledge on their long-term evolution and its underlying genetic bases remains scarce. Yet, advances in next-generation sequencing technologies allow now to obtain genomic information also for nonmodel organisms. More precisely, the widely used Illumina short reads can be complemented with Pacific Biosciences (PacBio) long reads for hybrid assemblies (Deshpande, Fung, Pham, & Bafna, 2013; Koren et al., 2012; Miller et al., 2017) . This dual strategy is fruitful as it allows to overcome the errors due to both the repeated regions of the genome that cannot be unambiguously assembled with short reads and the relatively higher error rate of long reads. Indeed, Illumina technology tends to be particularly sensitive to the first kind of error, whereas PacBio technology is expected to be more affected by the former one. Additionally, the sequencing of RNA can be used to improve the gene annotation in newly assembled genomes (Denton et al., 2014) .
In this study, we aimed at obtaining the first draft genome of a clownfish species: the tomato clownfish (Amphiprion frenatus). This resource will provide new tools for future investigation of clownfish life history traits and the study of their mutualism with sea anemones. Additionally, new markers for phylogenetic and population genetics studies can be developed thanks to this draft reference genome. This resource also opens the way to comparative genomics among closely related fishes to identify genes related to the unique adaptations of clownfishes to their different sea anemone hosts. This genomic resource will provide the possibility to link these different fields of research and make a step forward in the understanding of clownfish ecology and evolution.
| MATERIALS AND METHODS

| Amphiprion frenatus samples
Samples from three individuals of Amphiprion frenatus were obtained from a local aquarium shop. The three individuals were not from the same breeding line, and because they were acquired from an aquarium shop, the exact origin of the individuals was not available. The individuals of A. frenatus passed away beforehand at the aquarium shop, and samples from deceased fish were received. Thus, the three individuals did not undergo any manipulation or experimentation in the laboratory. The three individuals were used for short-reads Illumina sequencing, long-reads PacBio sequencing and RNA sequencing, respectively. The full liver sample obtained from one individual was used for RNA extraction, while the full muscle sample obtained from the second individual was used for long-reads library preparation. Fin tissue sample obtained from the third individual was used for short-reads library preparation, and the remaining sample is stored at the Department of Ecology and Evolution, University of Lausanne (sample ID: F4.6.1.3,7).
Although the use of the same individual for the generation of different sequencing data is normally preferred, the small amount of genomic DNA obtained for each individual did not allow us to use the same individual for the preparation of all the libraries. To overcome this issue, we corrected the obtained long reads with the short Illumina reads, to account for both sequencing errors and intraspecific variation (see Section 2.4).
| DNA extraction, library construction and
Illumina sequencing
Genomic DNA (gDNA) was extracted from about 50 mg of fin tissue from sample F4.6.1.3,7 using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The total amount of gDNA was measured using Qubit dsDNA HS Assay Kit 
| Preprocessing of sequenced reads
Reads quality has a major impact on the quality of the resulting assembly, and the use of error-corrected reads increases dramatically the size of the contigs (Salzberg et al., 2012) . Two different PE reads correction strategies were therefore performed. The first consisted in correcting raw reads, without prior processing, with ALLPATHS-LG module for fragment read error correction using default parameters (release 44837; Gnerre et al., 2011) .
The second strategy consisted of three steps. We removed PE reads that failed the chastity filtering of the CASAVA pipeline with casava_filter_se.pl (version 0.1-1, from http://brianknaus.com/softwa re/srtoolbox/). Remaining PE reads were trimmed using SICKLE (version 1.29; Joshi & Fass, 2011) , with the following parameters: -qualthreshold 30 -length-threshold 80. Substitutions due to sequencing errors in the trimmed PE reads were corrected with QUAKE (version 0.3.5; Kelley, Schatz, & Salzberg, 2010) . The k-mers frequency needed by QUAKE was obtained with JELLYFISH (version 1.1; Marc ßais & Kingsford, 2011). A k-mer size of k = 18 was selected according to QUAKE documentation, which suggests the use of k = log(200*GenomeSize)/log(4). The genome size for the calculation was obtained from the ANIMAL GENOME SIZE database (Gregory, 2017) , in which the reported genome sizes for the Amphiprion genus ranged from 792 to 1,200 Mb. The genome size of the A. frenatus individual was subsequently estimated from the genomic data, by dividing the number of error-free 18-mers by their peak coverage depth. The expected number of chromosomes in clownfish was also reported in the ANI-MAL GENOME SIZE database (Gregory, 2017) , and it is of 2n = 48 for A. clarkii.
The MP reads were processed at Fasteris SA (Geneva). Because MP libraries can have a relatively low total diversity, the data set was screened for paired-end reads sharing the exact same sequences on the first 30 bases of both ends. This can be expected due to PCR duplicates, and only one of the copies was kept to obtain unique pairs. The data set was additionally screened to remove reads containing empty inserts. The linker sequences were searched and trimmed in the unique and non-empty pairs. The software SICKLE was used to remove the remaining low-quality bases (parameters: -qualthreshold 25 -length-threshold 80). The quality of the resulting MP was verified with FASTQC (version 0.11.2; Andrews, 2010).
PacBio long reads were corrected with PROOVREAD (version 2.12;
Hackl, Hedrich, Schultz, & F€ orster, 2014) using trimmed and errorcorrected PE reads. This method allows to increase SMRT sequencing accuracy, which is substantially lower compared to Illumina technologies (Goodwin, McPherson, & McCombie, 2016) . Because two different individuals were sequenced, PROOVREAD also corrects the possible polymorphism based on the Illumina-sequenced individual.
This will remove possible errors due to the sequencing of different individuals for the genome assembly (Zhu et al., 2016) .
| Nuclear genome assembly
Trimmed MP and PE reads resulting from the two strategies of read correction were assembled using both PLATANUS (version 1.2.1; Kajitani et al., 2014) and SOAPDENOVO2 (version 2.04.240; Luo et al., 2012) . One of the advantages of PLATANUS is its automatic optimization of all parameters, including k-mer size. In SOAPDENOVO2, assemblies were performed with a k-mer size of k = 35 and k = 63. The two values were chosen to span a large range, with the lower being comparable to the starting k-mer size of PLATANUS and the larger being close to the best k proposed by KMERGENIE (release 1.6982; Chikhi & Medvedev, 2013) .
Scaffolding and gap-closing were performed within the PLATANUS or SOAPDENOVO2 pipelines. For scaffolding, both short-insert and longinsert libraries were used. The best genome assembly was selected by investigating assembly statistics (N50, maximum scaffold length, number of scaffolds, gap number). The best genome assembly was reached using the reads corrected with ALLPATHS-LG modules and assembled with PLATANUS. Because of the substantial better quality of PLATANUS assemblies over the SOAPDENOVO2 ones, we decided not to perform SOAPDENOVO2 assemblies by progressively increasing k-mer sizes.
We further closed gaps in the resulting best assembly using the 
| RNA extraction, library construction, sequencing and read processing
Liver sample from an additional individual of A. frenatus was obtained from a local aquarium shop for RNA sequencing to improve gene annotation of genome assembly (Denton et al., 2014) . RNA was extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The total amount of RNA in each sample and its quality were measured using Fragment Analyzer Automated CE System. A strand-specific cDNA library was prepared using TruSeq Stranded mRNA Sample Prep Kit (Illumina) from an initial amount of total RNA of 1 lg and following the manufacturer's instruction. The concentration, purity and size of the library were tested using Fragment Analyzer Automated CE System. The library was sequenced on one lane of Illumina HiSeq2000 at the LGTF (run type: paired-end reads, read length of 100). Obtained PE reads were trimmed with SICKLE, with the following parameters: -qual-threshold 20 -lengththreshold 20.
| Nuclear genome validation
We investigated the quality of the assembled genome by evaluating the mapping rates of the PE and MP libraries using BWA To further assess the quality of the assembly, a microsynteny analysis against Oreochromis niloticus genome (GCA_000188235.2) (Brawand et al., 2014) was performed with SYNCHRO (Drillon, Carbone, & Fischer, 2014) . We allowed for 5 to 10 intervening genes between gene pairs, as performed in DiBattista et al. (2016) . Finally, the completeness of the genome assembly was assessed with CEGMA (version 2.3) (Parra, Bradnam, & Korf, 2007) .
| Nuclear genome annotation
Interspersed repeats and low-complexity DNA sequences in the genome were identified with REPEATMODELER (version 1.08, engine ncbi) and soft-masked with REPEATMASKER (version 4.0.5; Smit, Hubley, & Green, 2015) . Ab initio gene prediction was carried out with BRAKER1 (version 1.9; Hoff, Lange, Lomsadze, Borodovsky, & Stanke, 2015 Figure S1 ). As for A. frenatus, protein sequences of C. austriacus were blasted against SWISSPROT metazoan, and "query" and "target" coverages were calculated.
| Mitochondrial genome reconstruction and annotation
We reconstructed the entire mitochondrial genome from a random subsample of 20 millions of the PE reads filtered with ALLPATH-LG. To do so, we followed the baiting and iterative mapping approach implemented in MITOBIM (version 1.9; Hahn, Bachmann, & Chevreux, 2013 We selected the best genome assembly by investigating assembly statistics (N50, maximum scaffold length, number of scaffolds, gap number). The best assembly was achieved with ALLPATH-LG corrected PE and assembled with PLATANUS (Table S1 ). After further gapclosing with PacBio long reads, the final assembly included 17,801 scaffolds (>1 kb), which covered a total length of 803.3 Mb (Table 2) . Although the number of scaffolds is still important, 95% of the assembly is contained in less than 5,000 scaffolds (Figure 1) , and the N50 and N90 statistics are 244.5 and 48.1 kb, respectively. The longest scaffold measures 1.7 Mb, and the assembly contains 1.5% of gaps (Table 2) . These values are comparable to other published bony fish genomes (Austin, Tan, Croft, Hammer, & Gan, 2015; DiBattista et al., 2016; Nakamura et al., 2013) . 
| Nuclear genome validation
The overall mapping rates for PE, MP and RNA-Seq PE data were of 99.4%, 98.2% and 92.3%, respectively (Table 3 ). The distribution of insert sizes estimated from the mapping was similar to the distribution obtained during the library preparation (Table 3 and Figure S2 ).
Some larger inserts were estimated for RNA-Seq data and are explained by the presence of introns in the genome. The high mapping rates and expected insert sizes reflect an overall good assembly. This is especially true for RNA-Seq data, which was obtained independently and was not used during genome assembly.
We omitted around 1.5 million scaffolds of small size (<1 kb; 21% of the assembly) from the final assembly, the majority of which (89.5%) had no matches in the REFSEQ database. We used CEGMA to assess the completeness of the assembly, which resulted in 99% of the core genes being either completely or partially represented in our assembly (Table S2 ). The microsynteny analysis of A. frenatus and O. niloticus genome gave 2,383 syntenic blocks containing a total of 13,821 (5 intervening genes) and 13,847 (10 intervening genes) genes (Table S3 ).
| Nuclear genome annotation
The amount of repetitive elements in our A. frenatus genome was 27.83%. With a combined approach of ab initio gene prediction and evidence-based homology, we identified 26,917 genes coding for 31,054
predicted proteins (Table S4 ). All the genes were predicted in a total of 6,497 scaffolds composing the 93% of the total assembly length. The quality of the models is satisfying, with an average and median annotation edit distance (AED) of 0.19 and 0.14, respectively ( Figure S3 ). Figure S4 , left panel). Additionally, for 20,411
A. frenatus proteins, the "query" coverage was higher than 90%. Similarly, the "target" coverage was higher than 90% in 17,419 cases ( Figure S4 , right panel).
The majority of the genes (86.5%) returned a match to SWISSPROT metazoan proteins. This number further increased to 94.9% when we blasted our data against REFSEQ database. Protein domain annotation was possible for 25,002 genes with 5,397 domains and 2,999 gene ontologies associated with these domains. A total of 17,788 gene ontologies were also mapped to 25,862 proteins (Table S5 ).
The largest number of genes annotated with REFSEQ is explained by a lower divergence between A. frenatus and the Actinopterygii species selected from the REFSEQ database. Indeed, most of the best SWISSPROT database hits were obtained with human sequences (Figure S5 ). This lower divergence also explains the higher identity for the matches obtained with REFSEQ database (82.1% of average identity) compared with the SWISSPROT database (61.5% of average identity). Similarly, only 4,607 proteins had identity higher than 80% with proteins from SWISSPROT, while this number increased to 19,322 for REFSEQ ( Figure S6 ). When comparing the completeness of A. frenatus gene models with other Actinopterygii species, we obtained results were obtained for C. austriacus genome (Figure 2 ).
T A B L E 2 Amphiprion frenatus genome assembly statistics
Contigs Scaffolds
BUSCO analyses were performed to assess the completeness of A. frenatus assembly and annotation. For metazoan BUSCOs, 3.4% of the genes were missing, while for Actinopterygii BUSCOs, 3.5% of the genes were missing (Table 4) .
| Mitochondrial genome reconstruction
We successfully reconstructed the complete mitochondrial genome of A. frenatus. The two methods used gave highly congruent results with each other. The mapping of the reads onto the inferred sequences led to a mean coverage of 20X (4X to 35X) and confirmed that the sequence could be unambiguously reconstructed. The inferred consensus sequence had a total length of 16,740 bp, which is slightly shorter than the 16,774 bp of the two available A. frenatus mitochondrial sequences (GB KJ833752, Li et al., 2015; and GB LC089039) . Its Hstrand nucleotide composition is A: 29.6%, T: 25.7%, C: 29.3% and G:
15.4%, and its GC content is 44.7%. This circular genome has a structure that is typical of fish mitochondrial genomes. It contains 13 protein-coding genes, 22 transfer RNA (tRNAs) genes, 2 ribosomal RNAs (rRNAs), 1 control region (D-loop) plus another 33-bp short noncoding region (OL) located between the tRNA-Asn and the tRNA-Cys (see Table S6 and Figure S7 for details). Pairwise differentiation between the three mitochondrial genomes available ranged from 0.77% to 2.0%, suggesting an interesting amount of intraspecific variation in A. frenatus.
| CONCLUSION
Here, we presented the first nuclear genomic resource for a clownfish species. Despite the fragmented nature of our assembly, the overall quality and completeness of the tomato clownfish nuclear genome are satisfying and comparable to other recent bony fish genome assemblies.
The genome that we present here, along with further sequencing of additional species and possible sequencing refinement, provides a new resource for future investigations of clownfish adaptive radiation and their particular life history traits. It will also enable a deeper understanding of the origin of the mutualistic interactions with sea anemones by opening the way for comparative genomic analyses, which could allow the identification of the genomic bases of clownfish adaptive radiation.
Additionally, this resource will allow the design of new phylogenetic or population genomic markers that can be useful to study clownfish and damselfish evolution.
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